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1.  INTRODUCTION 


The  development  of  laser-based,  analytical  sensors  for  the  rapid  detection  and  monitoring  of  trace 
atmospheric  vapors  in  real-time  has  been  of  great  interest  in  recent  years  (Zhu  et  al.  1990;  Feinberg  1992; 
Syage,  Pollard,  and  Cohen  1988;  Papenbrock  and  Stuhl  1991).  Environmental  issues  pertaining  to 
pollution  prevention  and  compliance  have  been  important  driving  forces  behind  this  development.  Another 
important  related  issue  deals  with  the  detection  of  trace  atmospheric  vapors  of  energetic  materials  such 
as  explosives  and  propellants.  This  is  not  surprising  given  the  potential  civilian  and  military  applications 
for  these  developing  teciinologies  in  aviation  security,  as  well  as  anti-terrorist  and  demilitarization  actions. 

Ultraviolet-visible  (UV-VIS)  spectroscopic  techniques  can  at  times  provide  very  specific  and  sensitive 
methods  of  detection  for  many  atomic  and  molecular  systems.  However,  larger  molec  ties  are,  in  general, 
more  difficult  to  detect  spectroscopically  in  the  UV-VIS  spectral  region  due  to  the  lack  of  distinguishing 
structure  or  absence  of  any  features  in  tfjir  absorption  or  emission  spectra.  One  approach  to 
circumventing  this  lack  of  specificity  in  the  UV-VIS  spectral  region  has  been  to  combine  spectroscopic 
and  mass  spectrometric  techniques.  A  common  approach  involves  the  ionization  of  the  target  molecule 
for  mass  spectrometric  detection  by  a  multiphoton  process  usually  involving  a  single  resonance.  In 
general,  this  method  of  ionization  can  result  in  a  soft  ionization  process  with  a  minimum  amount  of 
fragmentation.  (See  Zhu  et  al.  1990  and  references  therein  for  a  partial  list  of  representative  studies.) 
However,  soft  ionization  is  frequently  difficult  to  achieve  for  large,  fragile  molecules  which  tend  to 
predissociate  when  irradiated  with  UV  radiation.  In  order  to  prevent  or  minimize  the  fragmentation  of 
these  fragile  molecules,  unique  conditions  must  be  employed.  In  a  recent  study  of  nitro-aromatic 
compounds  (Zhu  et  al.  1990),  the  laser  ionization  process  was  performed  under  atmospheric  conditions 
in  a  buffer  gas  and  the  resulting  ions  were  injected  into  a  mass  spectrometer.  These  experiments 
demonstrated  that  the  fragmentation  process  could  be  strongly  moderated  but  not  completely  quenched. 

An  alternate  approach  to  detecting  large,  fragile  molecules  is  based  on  the  use  of  UV  laser  radiation 
to  photodissociate  the  parent  molecules  into  characteristic  fragments  (see  Dagdigian  et  al.  1989;  Long, 
Sausa,  and  Miziolek  1985;  Sausa,  Miziolek,  and  Long  1986;  Sausa,  Alfano,  and  Miziolek  1987;  Wehry 
et  al.  1987;  Schendel,  Hohmann,  and  Wehry  1987;  McQuaid  et  al.  1991;  Moss,  Trentelman,  and  Houston 
1992;  Rodgers,  Asai,  and  Davis  1980  for  a  partial  list  of  representative  studies).  The  photofragments 
typically  include  di-  and  tri-atomics,  as  well  as  atoms,  which  generally  have  structured,  readily  identifiable 
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transitions  in  the  UV-VIS  spectral  region.  These  fragments  may  be  detected  either  by  their  prompt 
emission  (if  electr  .lically  excited  during  the  photolysis),  by  laser-induced  fluorescence  (LIF),  or  by 
resonance-enhanced  multiphoton  ionization  (REMPI). 

Characteristic  of  many  propellants  and  explosives  is  the  presence  of  one  or  more  -N02  functional 
groups  bonded  to  either  a  carbon  or  nitrogen  atom.  This  functional  group  is  weakly  bound  to  the  main 
skeletal  portion  of  the  molecule  by  approximately  40-50  keal/mol,  depending  or.  the  molecule,  and  is 
responsible  for  the  weak  and  structureless  absorption  feature  observed  in  the  UV  near  230  nm  (McQuaid 
and  Sausa  1991;  Smit  1991).  A  perusal  of  the  literature  reveals  that  the  UV  laser  photodissociation  of 
energetic  molecules,  such  as  RDX  (Capellos,  Papagiannakopoulos,  and  Liang  1989)  and  model  compounds 
(McQuaid  et  al.  1991;  Moss,  Trentelman,  and  Houston  1992;  Mialocq  and  Stephenson  1986),  under 
collision-free  conditions,  results  in  the  production  of  N02  in  the  initial  step  in  the  photolysis.  Two 
common  laser-based  spectroscopic  methods  of  detecting  N02  are  by  LIF  and  from  its  prompt  emission 
(McQuaid  et  al.  1991;  Capellos,  Papagiannakopoulos,  and  Liang  1989;  Mialocq  and  Stephenson  1986). 
However,  both  of  these  methods  are  very  inefficient  since  the  absorbed  radiation  is  radiated  over  a  large 
spectral  region,  visible  to  near  infrared.  The  radiative  ifetime  for  these  transitions  is  also  very  large, 
typically  -50-120  ps  (Donnelly  and  Kaufman  1978),  and  is  indicative  of  a  weak  osciliaior  strength. 
Moreover,  predissociation  to  NO  +  O  predominates  over  fluorescence  at  wavelengths  less  than  400  nm. 
The  NO  fragment  is  better  suited  for  detection  since  it  is  readily  formed  from  the  predissociation 
(Morrison  and  Grant  1982;  Morrison,  Rockney,  and  Grant  1981)  of  N02  and  its  radiative  lifetime 
(McKendrick,  Fotakis,  and  Donovan  1982)  (-200  ns)  is  significantly  shorter  than  the  N02  states  excited 
in  the  visible  region.  The  NO  fragment  can  be  detected  with  a  high  degree  of  sensitivity  and  selectivity 
by  (1  +  1)  REMPI  and/or  LIF  via  its  A22Tt‘-X2n  transition  near  226  nm.  Thus,  one  laser  tuned  to  226  nm 
can  be  used  for  both  parent  photofragmentation  through  its  structureless  UV  absorption  feature  and 
fragment  detection. 

The  laser  photodissociation/fragment  detection  technique  is  most  effective  when  coupled  with  pulsed 
molecular  beam  (MB)  sampling  and  time-of-flight  (TOF)  mass  spectrometric  analysis.  A  TOF  mass 
spectrometer  of  modest  design  and  optimization  can  detect  a  packet  of  ions  of  up  to  500  AMU  in  less  than 
100  ps  with  resolution  (m/Am)  greater  than  500,  while  pulsed  molecular  beam  sampling  can  greatly 
improve  the  selectivity  over  ambient  sampling  and  the  sensitivity  over  CW  sampling.  The  molecules  in 
the  beam  are  colder  than  those  at  ambient  conditions  since  they  are  subject  to  a  supersonic  expansion. 
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Thus,  they  are  produced  in  a  few  distinct  ro  vibrational  states,  and,  as  a  result,  their  absorption  spectrum 
is  considerably  less  congested,  although  the  NO  fragment  is  certainly  no  longer  colder.  Spectral 
interference  from  other  molecular  systems  is  therefore  minimized,  if  not  eliminated.  The  application  of 
a  pulsed  nozzle  also  greatly  reduces  the  total  gas  throughput  entering  the  analysis  chamber  while  still 
maintaining  a  high  density  of  the  sample. 

In  this  report,  we  present  a  novel  photofragmentation/fragment  detection  technique  for  the  sensitive 
detection  of  nitro  compound  vapors.  A  laser  tuned  to  226  nm  is  used  for  both  the  photolysis  of  target 
molecule  and  subsequent  detection  of  the  NO  fragment  by  REMPI  and/or  LIF  via  its  A2S+-X2n  transition. 
The  analytical  utility  is  demonstrated  using  trace  energetic  materials  and  model  compounds  in  a  MB/TOF 
apparatus.  Limits  of  detection  for  various  compounds  such  as  NOj,  dimethyl  nitramine  (DMNA), 
nitromethane,  nitrobenzene,  trinitrotoluene  (TNT),  and  1 ,3,5-trinitrohexahydro  1,3,5-triazine  (RDX)  are 
reported  and  discussed. 

2.  EXPERIMENTAL 

A  schematic  diagram  of  the  *4B  apparatus  equipped  for  laser  spectroscopy  and  TOF  mass 
spectrometry  is  depicted  in  Figure  1.  The  apparatus  has  been  constructed  for  both  LIF  and  REMPI 
studies.  The  body  of  the  apparatus  consists  of  two  main  chambers.  The  first  chamber  consists  of  an  8-in 
tee  with  smaller  ports  added  for  laser  excitation  and  fluorescence  collection.  This  chamber  is  pumped  out 
through  the  bottom  of  the  tee  by  a  1,000  L/s  turbo  molecular  pump  (Leybold-Heraeus,  TurboVac  1000). 
To  the  left  of  the  tee  is  a  pulsed  supersonic  valve  (R.  M.  Jordan  Co.,  PSV)  modified  so  that  it  can  be 
translated  the  length  of  the  chamber  and  can  be  positioned  for  either  LIF  or  REMPI  experiments.  An  8-in 
four-way  cross  serving  as  the  second  chamber  is  mounted  to  the  right  of  the  tee.  These  two  chambers  are 
differentially  pumped  and  are  separated  by  a  skimmer  with  a  3-mm  orifice  (Beam  Dynamics,  Inc., 
Model  2).  Mounted  on  the  top  of  the  cross  chamber  is  a  1-m  commercial  TOF  mass  spectrometer 
(R.  M.  Jordan  Co.)  with  reflection. 

The  TOF  mass  spectrometer  distinguishes  ions  of  different  masses  by  their  arrival  times  to  the 
detector  located  at  the  end  of  the  flight  tube.  Although  the  time  of  arrival  of  the  ions  depends  on  the  sum 
of  the  transit  times  through  various  regions  of  the  mass  spectrometer,  it  is  proportional  to  the  square  root 
of  the  mass-to-charge  ratio  of  each  ion  (Wiley  and  McLaren  1955;  Karataev,  Mamyrin,  and  Shmikk 
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1972).  Therefore,  the  time  of  arrival,  tj,  of  mass,  nij,  is  related  to  the  time  of  arrival,  tj,  of  mass,  m2, 
by  the  equation. 


(1) 


The  determination  of  any  mass,  m2,  may  be  made  with  an  accurate  measurement  of  tt  for  a  known  mass, 
mt.  In  this  study,  NO  was  used  for  the  calibration  of  the  mass  spectra.  For  a  typical  set  of  operating 
conditions,  an  acceleration  voltage  of  approximately  2,000  V  (1  eV  =  1.60  x  10~12  g-cn^/s2)  and  a  flight 
length  of  2  m,  a  complete  mass  spectrum  up  to  a  mass  of  500  AMU  (1  AMU  =  1.67  x  10-24  g)  could  be 
recorded  in  approximately  72  ps. 

Samples  of  nitromethane  (Aldrich),  nitrobenzene  and  trinitrotoluene  (Eastman-Kodak),  and  DMNA 
and  RDX  (ARDEC)  were  selected  for  this  study.  For  safety  precautions,  samples  of  TNT  and  RDX  were 
handled  in  aliquots  of  less  than  10  mg  in  a  static  and  shock-free  environment  All  the  samples  were  used 
without  further  purification.  The  samples  were  introduced  into  the  analysis  chamber  either  in  an  effusive 
flow,  so  that  the  gas  in  the  sampled  volume  was  replenished  at  a  rate  sufficient  to  avoid  accumulation  of 
photolysis  products,  or  in  a  pulsed  MB.  All  reported  data  is  from  the  latter,  where  the  vapors  of  the 
analytes  were  seeded  in  an  atmospheric  pressure  of  air  (Potomac),  nitrogen  (Matheson),  or  argon  (ARL) 
gas,  and  the  mixture  expanded  into  the  analysis  chamber  using  a  pulsed  valve  (10  Hz)  with  a  0.5-mm- 
diameter  nozzle.  Although  the  valve  has  the  capability  of  being  heated  to  temperatures  as  high  as  150°  C, 
it  was  operated  at  room  temperature  for  all  the  samples  studied,  except  RDX  and  TNT.  In  the  case  of 
RDX  and  TNT,  the  samples  were  heated  to  approximately  100°  C  during  analysis.  A  temperature 
difference  of  ±10°  C  results  in  an  uncertainty  in  the  vapor  pressure  determination  which  would  affect  the 
sensitivity  measurements  by  a  factor  of  2.  Standard  mixtures  used  to  determine  the  sensitivity  were 
prepared  by  serial  dilution  of  0.1%  NO/Ar  (Matheson),  570  ppm  CHjNO^Ar,  and  131  ppm  DMNA/Ar. 
The  N02  sensitivity  was  determined  using  a  6.2  ppm  N02/air  (Scott-Marrin).  Sensitivity  measurements 
for  nitrobenzene  at  room  temperature,  as  well  as  TNT  and  RDX  at  100°  C,  were  obtained  by  using 
standard  Ar  mixtures  containing  the  analytes  at  their  respective  vapor  pressures  (Handbook  of  Chemistry 
and  Physics  1986;  Dobratz  1981). 

The  pulse  pressure  was  calculated  employing  the  following  equation. 


5 


Ppuise  =  P(r/R)20  -  COS3  6),  (2) 

adapted  from  Syage,  Pollard,  and  Cohen  (1988).  In  the  above  equation,  P  is  the  backing  pressure,  r  is  the 
radius  of  the  nozzle,  R  is  the  radius  of  the  skimmer  orifice,  and  9  is  the  skimmer  transmission  angle.  This 
angle  is  equal  to  the  arctangent  of  the  ratio  of  the  radius  of  skimmer  orifice  (R)  to  the  distance  from  the 
skimmer  to  the  nozzle  (D).  A  pulse  pressure  of  180  mtorT  was  obtained  when  using  a  backing  pressure 
of  770  torr,  a  nozzle  diameter  of  0.5  mm,  a  skimmer  diameter  of  3.0  mm,  and  a  skimmer  to  nozzle 
distance  of  2.0  cm. 

The  samples  were  photolyzed  and  the  NO  fragment  subsequently  ionized  using  focused  (f  =  250-  or 
500-mm  lenses)  UV  radiation  at  or  near  226  nm.  An  excimer  pumped  dye  laser  (Lumonics  Hyper  EX-400 
and  Hyper  DYE-300)  with  a  second  harmonic  generator  (Lumonics  TRAK-1000)  operated  at  10  Hz  was 
used  to  generate  the  tunable  UV  radiation.  Pulsed  energies  of  the  order  of  10-150  pJ  with  duration  of 
15-20  ns  were  employed  for  detection.  The  linewidth  of  the  tunable  UV  radiation  is  approximately 
0.16  cm-1  (fwhm). 

The  LIF  technique  was  also  employed  for  comparison  to  the  REMPI  technique.  The  fluorescence 
signal,  whether  prompt  or  induced,  was  collected  90°  to  the  photolysis  beam  and  focused  onto  the  entrance 
slit  of  a  0.25-m  monochromator  (McPherson,  Model  218)  acting  as  a  broad-band  filter  (=8  nm  fwhm). 
The  monochromator  was  tuned  to  approximately  237  nm  and  500  nm  for  the  detection  of  NO  and  N02, 
respectively.  Schott  filters  UG-11  and  GG-435  were  also  used  in  place  of  the  monochromator.  The 
signals  were  detected  with  a  photomultiplier  tube  (EMI  9789QA)  and  directed  into  a  gated  integrator 
(Stanford  Research  Systems).  Both  fluorescence  and  ion  signals  were  displayed  and  monitored  in  real¬ 
time  on  a  125-MHz  digital  oscilloscope  (LeCroy  9400).  A  PC- AT  computer  was  employed  for  data 
acquisition  and  analysis.  The  N02  prompt  emission  signal  from  DMNA  was  considerably  less  than  that 
obtained  from  the  NO  LIF,  as  expected.  Thus,  studies  involving  N02  prompt  emission  from  other 
precursors  were  not  pursued. 

3.  RESULTS  AND  DISCUSSION 

Presented  in  Figure  2  are  the  names  and  structural  formulas  of  molecules  used  in  this  study.  A 
cursory  inspection  of  the  table  reveals  that  these  nitro  compounds,  as  well  as  other  energetic  materials. 


6 


N0o 

CH«  1 

ch  -no2  ;n-no, 

ch3 

(01 

Nitromethane  DMNA 

Nitrobenzene 

CH. 

3 

Hx/H 

°2Nv¥yN02 

°2N^Cxn-N02 

¥ 

H-c  .C(H 

W'  \N/  VH 

no2 

no2 

TNT 

RDX 

Figure  2.  Structural  formulas  and  names  of  nitrocompounds  used  in  stud 


contain  one  or  more  weakly  bound  -N02  functional  groups.  The  physical  processes  underlying  our 
approach  to  the  detection  of  nitro  compounds  may  be  understood  by  referring  to  Figure  3  which  shows 
potential  level  diagrams  of  N02  and  NO.  In  our  approach,  the  target  molecule  (R-N02)  is  first  photolyzed 
to  N02,  along  with  its  corresponding  companion  radical  (R)  via  the  process 


r-no2 


hv 

226nm 


R  +  N02. 


(3) 


The  N02  fragment  is  then  detected  by  monitoring  its  predissociative  product  NO  using  (1  +  1)  REMPI 
or  LDF  employing  its  A^-X2!!  (0,0)  band  at  226  nm.  This  mechanism  is  similar  to  that  described  by 
Moss,  Trentelman,  and  Houston  (1992)  in  a  recent  paper  on  the  photodissociation  dynamics  of 
nitiomethane  using  a  two  laser  pump-and-probe  technique.  However,  in  the  present  results,  the  photolysis 
wavelength  was  chosen  to  coincide  with  the  maximum  signal  associated  with  the  A-X  (0,0)  transition  in 
NO,  and  is  generalized  to  all  -N02  containing  compounds. 

Presented  in  Figure  4  is  a  typical  mass  spectrum  obtained  when  photolyzing  a  MB  of  DMNA  seeded 
in  Ar  using  226-nm  radiation.  DMNA  was  studied  since  it  is  a  simple  analogue  of  cyclic  nitramines  such 
as  RDX  (see  Figure  1).  The  spectrum  shown  in  Figure  4  is  characteristic  of  all  the  compounds  studied. 
It  reveals  a  prominent  peak  whose  arrival  time  to  the  detector  is  measured  as  23.2  ps.  This  time 
corresponds  to  a  mass-to-charge  ratio  (m/z)  of  30  and  is  attributed  to  the  NO+  ion.  Similar  results  were 
obtained  when  using  air  or  nitrogen  as  the  carrier  gas.  No  such  peak  was  observed,  however,  when  the 
laser  was  tuned  off-resonance.  The  observed  peak  is  void  of  any  interference  and  is  clearly  a  result  of 
a  REMPI  process.  To  maximize  the  signal  intensity  and  verify  the  mass  spectral  assignment,  an  excitation 
spectrum  was  obtained  by  scanning  the  tunable  UV  radiation  while  monitoring  the  m/z  =  30  peak.  This 
spectrum  is  shown  in  Figure  5.  It  reveals  numerous  rotational  lines  which  are  attributed  unequivocally 
to  electronic  transitions  of  the  NO  A2I+-X2n  (0,0)  band. 

A  plot  of  the  NO  REMPI  signal  intensity  as  a  function  of  concentration  of  the  precursor  molecule, 
DMNA,  is  shown  in  Figure  6.  A  least-squares  fit  of  the  data  with  95%  confidence  yields  a  slope  of 
1.34  1  0.04  mV/ppm  (2SD).  A  limit  of  detection  of  450  ppb  is  obtained  when  using  a  background  noise 
value  of  200  pV.  Detection  limits  are  defined  in  this  study  as  the  concentration,  CL  (ppb),  that  produces 
a  signal,  (mV),  equal  to  three  times  the  standard  deviation,  o  (mV),  of  the  background  divided  by  the 
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ENERGY  (  CM" 


Figure  3.  Potential  energy  diagram  of  NO*,  and  NO  showing  the  multiphoton  scheme  employed  for 


the  REMP1  and  LIF  detection  of  the  NO  photofragment  at  226  nm. 


ION  SIGNAL  INTENSITY  (Rel.) 


0  20  40  60  80  100 
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Figure  4.  Time-of-flight  REMPI  spectrum  of  NO  generated  from  DMNA.  The  sample  was 
introduced  into  the  analysis  chamber  in  molecular  beam  using  Ar  as  the  carrier  gas 
and  the  mixture  irradiated  with  approximately  100  uJ  of  226-nm  radiation. 
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ION  SIGNAL  INTENSITY  ( mV ) 
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Figure  6.  Concentration  dependence  of  the  REMPI  NO  ion  signal  obtained  from  a  molecular 

of  DMNA.  The  solid  line  is  a  least-squares  fit  of  the  data  (o)  with  95%  confidence  (...)■  T 
slope  yields  a  value  of  1.34  ±  0.04  mV/ppm  (2SD). 
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sensitivity,  S  (mV/ppb),  of  the  method  to  the  compound.  The  linearity  of  the  plot  implies  that  the  NO 
is  foimed  in  a  collision-free  environment,  as  expected  in  a  MB,  and  that  this  technique  is  suitable  for 
quantification  purposes.  The  dynamic  range  of  measurements  in  these  studies  is  limited  to  about  two 
orders  of  magnitude  due  to  the  limited  accuracy  of  the  flow  meters  used  for  dilution  at  low  concentration 
and  low  vapor  pressures  of  the  compounds  at  high  concentrations.  However,  it  is  reasonable  to  anticipate 
that  the  method  is  linear  in  its  response  all  the  way  to  the  detection  limit.  Indeed,  similar  studies  of  NO 
by  REMPI  methods  have  shown  the  capacity  for  single-ion  detection  in  combination  with  a  large  dynamic 
range  of  sensitivities  (Miller  1986). 

Presented  in  Table  1  are  limits  of  detection  for  several  compounds  studied  employing  the 
fragmentation/REMPI  technique  using  226-nm  radiation.  As  seen  from  Table  1,  detection  limits  have  been 
obtained  in  the  ppb  to  ppm  range.  The  limits  of  detection  refer  to  the  gas  concentration  of  the  analyte 
prior  to  introduction  into  the  analysis  chamber.  Vapor  pressures  of  the  compounds  were  obtained  from 
the  Handbook  of  Chemistry  and  Physics  (1986)  and  Dobra tz  (1981)  and  used  to  estimate  the  initial 
concentrations.  For  1  atmosphere  of  backing  pressure,  the  calculated  gas  volume  throughput  of  the 
supersonic  nozzle  (per  pulse)  is  6.8  torr-cm3.  This  corresponds  to  absolute  detection  limits  of  1  and  3  pg 
for  RDX  and  TNT,  respectively,  and  compares  favorably  with  absolute  detection  limits  reported  for  TNT 
which  are  on  the  order  of  200  pg  (Huang,  Kolaitis,  and  Lubman  1987).  For  nitromethane,  Schendel, 
Hohmann,  and  Wehry  (1987)  reported  a  concentration  detection  limit  of  4.2  x  109/cm3  by  monitoring  the 
prompt  emission  resulting  from  approximately  30  mJ/pulse  of  ArF  laser  excitation.  A  detection  limit  of 
1  ppm  in  this  study  corresponds  to  a  concentration  of  approximately  6  x  109/cm3  in  the  probe  region  of 
the  laser. 

The  limits  of  detection  for  the  precursors  depend  on  a  number  of  factors  such  as  the  efficiency  of 
sample  introduction,  the  laser  pulse  energy,  the  efficiency  in  the  photodissociative  pathways  leading  to  the 
formation  of  NO  in  its  X2n  (v"  =  0)  vibronic  state,  and  the  voltage  settings  of  the  ion  optics  and  detector. 
Although  the  experimental  system  used  for  these  studies  was  optimized  with  respect  to.  these  factors  in 
order  to  obtain  the  maximum  sensitivity  possible,  the  current  design  of  the  experimental  system  could  be 
improved  for  performing  trace  analysis.  Significant  improvements  in  the  sensitivity  can  be  expected  with 
higher  laser  energies  and  with  a  supersonic  valve/sampling  device  whose  design  increases  the  sample 
throughput  into  the  photolysis  region.  The  ability  to  operate  the  valve  at  a  higher  repetition  rate  (>50  Hz) 
and  at  elevated  temperatures  in  order  to  eliminate  condensation  of  the  precursor,  would  also  be  desirable. 
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Table  1.  Limits  of  Detection  for  Various  Nitrocompounds  Studied  Using  the  Technique  of  Laser 
Photofragmentation/NO  Fragment  Detection  by  REMPI-TOF 


Compound 

Limit  of  Detection 

(ppb) 

NO 

8 

240 

1,000 

450 

DMNA 

(2,000)* 

RDX 

8 

TNT 

24 

Nitrobenzene 

2,400 

*Limit  of  detection  obtained  by  laser-induced 
fluorescence  of  NO  via  its  A£*-X2n  (0,0) 
transition. 


A  supersonic  nozzle  meeting  some  of  these  criteria  has  been  designed  and  demonstrated  by  Imasaka, 
Okamura,  and  Ishibashi  (1986)  as  pan  of  an  ionization  detector  apparatus  for  gas  chromatography. 

In  the  present  studies,  the  experimental  conditions  were  identical  for  all  of  the  compounds.  Thus, 
any  differences  shown  in  Table  1  are  indicative  of  different  absorption  cross  sections  that  the  target 
molecules  have  at  226  nm  and  the  photodissociation  efficiency.  It  is  clear  from  Table  1,  that  RDX,  TNT, 
and  N02  are  particularly  efficient  in  generating  REMPI  signals.  In  the  case  of  N02,  this  was  not  too 
surprising  since  Morrison  and  Grant  (1982)  and  Morrison,  Rockney,  and  Grant  (1981)  observed  that  by 
far  the  most  prominent  ion  fragment  generated  by  the  multiphoton  excitation  of  N02  at  wavelengths  in 
the  region  from  425-455  nm  was  the  NO+.  Their  data  suggest  that  the  course  of  excitation  in  this  system 
is  dominated  by  predissociation  into  NO(2n)  +  0(]D)  at  the  level  of  the  second  photon  within  the  B  (2B2) 
state.  They  contend  that  this  high-energy  dissociation  pathway  becomes  important  soon  after  this  channel 
becomes  energetically  accessible.  With  226-nm  excitation,  this  pathway  is,  in  fact,  available  by  a  single 
photon  absorption. 


As  noted  earlier,  the  measured  REMPI  signals  depend  on  several  factors.  One  compound,  DMNA, 
was  chosen  to  investigate  the  dependence  of  the  signal  on  the  laser  pulse  energy.  The  dependence  of  ion 
signal  intensity  on  laser  energy  was  determined  using  the  equation. 


S  =  C(I226)n,  (4) 

where  S  is  the  ion  signal  intensity,  I226  is  the  laser  beam  fluence,  C  is  a  system-dependent  constant,  and 
n  the  number  of  photons  required  to  produce  the  NO*  signal.  The  value  of  n  was  determined  from  the 
slope  of  a  log-log  plot  of  the  variables  m  Equation  4.  A  priori,  one  might  expect  the  value  of  n  to  be  as 
high  as  four,  two  photons  required  to  generate  NO  in  its  X2n  state  and  two  photons  to  ionize  it  (see 
Figure  3).  However,  the  slope  of  the  plot  yields  a  value  of  n  =  1.62  ±  .01  (2SD),  indicating  that  the 
formation  of  the  ion  requires  at  least  two  photons.  This  near  quadratic  dependence  suggests  that  one  or 
more  of  the  intermediate  photochemical  steps  necessary  to  generate  NO*  from  R-N02  is  saturated.  It  also 
suggests  that  a  significant  enhancement  in  the  signal  can  be  achieved  at  higher  laser  intensities. 

The  proposed  laser  photodissociation/fragment  detection  technique  is  intended  to  identify  nitre 
compounds  as  a  class  or  grv/Up  by  detecting  the  presence  of  the  specific  NO  fragment,  not  the  parent 
molecule.  One  advantage  of  this  technique  is  its  high  degree  of  selectivity  for  NO  since  it  combines  the 
REMPI  method  with  TOF  mass  spectrometry.  The  overall  selectivity  of  induced  ionization  methods  is 
a  multiplicative  combination  of  the  selectivity  achieved  by  the  laser  excitation  piocess(es)  and  the 
selectivity  achieved  by  the  mass  spectral  device  (Letokhov  1987;  Lubman  1987a,  1987b). 

As  shown  in  Figure  4,  a  high  degree  of  selectivity  is  obtained  by  the  REMPI  method.  When  the  laser 
excitation  wavelength  is  tuned  to  a  strong  NO  transition,  the  ionization  of  NO  occurs  virtually  at  the 
exclusion  of  any  other  species.  The  selectivity  for  the  NO  fragment  is  further  enhanced  by  the  use  of  a 
TOF  mass  spectrometer,  which  prevents  detection  of  any  spectral  ionization  interferences,  except  those 
which  are  also  isobaric. 

For  the  purposes  of  comparing  the  methods  of  REMPI  and  LIF  photofragment  detection,  the  NO 
fragment  was  monitored  by  LIF  via  its  A2Z*-X2n  (0,0)  band  following  the  photolysis  of  DMNA  with 
226  nm  radiation.  As  shown  in  Table  1,  the  limit  of  detection  was  estimated  to  be  2  ppm,  a  factor  of 
approximately  4,  worse  than  that  obtained  with  the  REMPI  technique.  This  difference  in  sensitivity  results 
primarily  from  a  high  background  inherent  in  this  LIF  measurement.  The  selectivity  can  also  be  compared 
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for  the  two  methods,  since  they  share  a  common  wavelength  of  excitation  at  226  nm.  In  this  study,  the 
selectivity  of  the  LIF  measurement  is  lower  due  to  the  relatively  larger  bandwidth  of  the  monochromator 
and  interference  filter  used,  and  is  not  necessarily  characteristic  of  the  LIF  technique.  The  large  bandwidth 
is  required,  however,  in  order  to  collect  the  broadband  fluorescence  emission  of  NO  and  maintain  a 
sufficient  level  of  sensitivity. 

4.  SUMMARY  AND  CONCLUSION 

A  novel  technique  for  the  detection  of  trace  -N02  containing  compounds  has  been  developed  for  the 
purpose  of  detecting  energetic  materials  such  as  propellants  and  explosives.  It  employs  one  laser  operating 
at  226  nm  and  is  based  on  the  photofragmentation  of  the  target  molecule  with  subsequent  detection  of  NO 
by  REMPI  and/or  LIF  via  its  A2I+-X2II  (0,0)  band  origin.  The  analytical  utility  has  been  demonstrated 
on  a  number  of  compounds,  including  N02,  DMNA,  TNT,  and  RDX  using  a  MB/TOF  apparatus. 
Detection  limits  in  the  ppb  were  achieved  for  RDX  and  TNT  with  extremely  low  laser  energies, 
-100  pJ/pulse.  Lower  limits  cf  detection  are,  however,  projected  by  employing  an  improved  system 
design  and  higher  laser  energies. 
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Development,  and  Engineering  Center 
ATTN:  SMC AR  -CCB-TL 
Watervliet,  NY  12189-4050 

Commander 

U.S.  Army  Rock  Island  Arsenal 
ATTN:  SMCRI-IMC-RT/Technical  Library 
Rock  Island,  IL  61299-5000 

Director 

U.S.  Army  Aviation  Research 
and  Technology  Activity 
ATTN:  SAVRT-R  (Library) 

M/S  219-3 

Ames  Research  Center 
Moffett  Field,  CA  94035-1000 


U.S.  Army  Infantry  School 
ATTN:  ATSH-CD-CSO-OR 
Fort  Benning,  GA  31905-5660 

1  WL/MNOI 

Eglin  AFB,  FL  32542-5000 

Aberdeen  Proving  Ground 

2  Dir,  USAMSAA 
ATTN:  AMXSY-D 

AMXSY-MP,  H.  Cohen 

1  Cdr,  USATECOM 
ATTN:  AMSTE-TC 

1  Dir,  ERDEC 

ATTN:  SCBRD-RT 

1  Cdr,  CBDA 

ATTN:  AMSCB-CII 

1  Dir,  USARL 

ATTN:  AMSRL-SL-I 

10  Dir,  USARL 

ATTN:  AMSRL-OP-CI-B  (Tech  Lib) 
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1  HQDA,  OASA  (RDA) 

ATTN:  Dr.  C.H.  Church 
Pentagon.  Room  3E486 
WASH  DC  20310-0103 

4  Commander 

US  Army  Research  Office 
ATTN:  R.  Ghirardelii 
D.  Mann 
R.  Singleton 
R.  Shaw 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 

2  Commander 

US  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-AEE-B,  D.S.  Downs 
SMCAR-AEE,  J.A.  Lannon 
Picatinny  Arsenal.  NJ  07806-5000 

1  Commander 

US  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-AEE-BR,  L.  Harris 
Picatinny  Arsenal,  NJ  07806-5000 

2  Commander 

US  Army  Missile  Command 
ATTN:  AMSMI-RD-PR-E,  A.R.  Maykut 
AMSMI-RD-PR-P,  R.  Betts 
Redstone  Arsenal,  AL  35898-5249 

1  Office  of  Naval  Research 

Department  of  the  Navy 
ATTN:  R.S.  Miller,  Code  432 
800  N.  Quincy  Street 
Arlington,  VA  22217 

1  Commander 

Naval  Air  Systems  Command 
ATTN:  J.  Ramnarace,  AIR-5411 1C 
Washington,  DC  20360 

2  Commander 

Naval  Surface  Warfare  Center 
ATTN.  R.  Bemecker,  R-13 
G.B.  Wilmot,  R-16 
Silver  Spring,  MD  20903-5000 


No.  of 
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5  Commander 

Naval  Research  Laboratory 
ATTN:  M.C.  Lin 

J.  McDonald 
E.  Oran 
J.  Shnur 

R.J.  Doyle,  Code  61 10 
Washington,  DC  20375 

2  Commander 

Naval  Weapons  Center 
ATTN:  T.  Boggs,  Code  388 
T.  Parr,  Code  3895 
China  Lake,  CA  93555-6001 

1  Superintendent 

Naval  Postgraduate  School 
Dept,  of  Aeronautics 
ATTN:  D.W.  Netzer 
Monterey,  CA  93940 

3  AL/LSCF 
ATTN:  R.  Corley 

R.  Geisler 
J.  Levine 

Edwards  AFB,  CA  93523-5000 

1  AFOSR 

ATTN:  J.M.  Tishkoff 
Bolling  Air  Force  Base 
Washington,  DC  20332 

1  OSD/SDIO/IST 

ATTN:  L.  Caveny 
Pentagon 

Washington,  DC  20301-7100 

1  Commandant 

USAFAS 

ATTN:  ATSF-TSM-CN 
Fort  Sill.  OK  73503-5600 

1  F.J.  Seiler 

USAF  Academy.  CO  80840-6528 

1  University  of  Dayton  Research  Institute 

ATTN:  D.  Campbell 
AL/PAP 

Edwards  AFB,  CA  93523 
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1  NASA 

Langley  Research  Center 
Langley  Station 

ATTN:  G.B.  Northam/MS  168 
Hampton,  VA  23365 

4  National  Bureau  of  Standards 

ATTN:  J  Hastie 
M.  Jacox 
T.  Kashiwagi 
H.  Semerjian 

US  Department  of  Commerce 
Washington,  DC  20234 

1  Applied  Combustion  Technology,  Inc. 
ATTN:  A.M.  Varney 

P.O.  Box  607885 
Orlando,  FL  32860 

2  Applied  Mechanics  Reviews 
The  American  Society  of 

Mechanical  Engineers 
ATTN:  R  E.  White 
A.B.  Wenzel 
345  E.  47th  Street 
New  York,  NY  10017 

1  Atlantic  Research  Corp. 

ATTN:  R.H.W.  Waesche 
7511  Wellington  Road 
Gainesville,  VA  22065 

1  AVCO  Everett  Research 

Laboratory  Division 
ATTN:  D.  Stickler 
2385  Revere  Beach  Parkway 
Everett,  MA  02149 

1  Battelle 

ATTN.  TACTEC  Library,  J.  Huggins 
505  King  Avenue 
Columbus,  OH  43201-2693 

1  Cohen  Professional  Services 

ATTN:  N.S.  Cohen 
141  Channing  Street 
Redlands,  CA  92373 

1  Exxon  Research  &  Eng.  Co. 

ATTN.  A.  Dean 
Route  22E 

Annandale,  NJ  08801 


No.  of 

Copies  Organization 

1  General  Applied  Science 

Laboratories,  Inc. 

77  Raynor  Avenue 
Ronkonkama,  NY  1 1779-6649 

1  General  Electric  Ordnance  Systems 

ATTN:  J.  Mandzy 
100  Plastics  Avenue 
Pittsfield,  MA  01203 

1  General  Motors  Rsch  Labs 
Physical  Chemistry  Department 
ATTN:  T.  Sloane 

Warren,  MI  48090-9055 

2  Hercules,  Inc. 

Allegheny  Ballistics  Lab. 

ATTN:  W.B.  Walkup 

E.A.  Yount 
P.O.  Box  210 

Rocket  Center,  WV  26726 

1  Alliant  Techsystems,  Inc. 

Marine  Systems  Group 
ATTN:  D.E.  Broden/MS  MN50-2000 
600  2nd  Street  NE 
Hopkins,  MN  55343 

1  Alliant  Techsystems,  Inc. 

ATTN:  R.E.  Tompkins 
7225  Northland  Drive 
Brooklyn  Park.  MN  55428 

1  IBM  Corporation 

ATTN:  A.C.  Tam 
Research  Division 
5600  Cottle  Road 
San  Jose.  CA  95193 

1  IIT  Research  Institute 

ATTN:  R.F.  Remaly 

10  West  35th  Street 

Chicago,  IL  60616 

2  Director 
Lawrence  Livermore 

National  Laboratory 
ATTN:  C.  Westbrook 
M.  Costantino 
P.O.  Box  808 
Livermore,  CA  94550 
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Lockheed  Missiles  &  Space  Co. 

4 

Director 

ATTN:  George  Lo 

Sandia  National  Laboratories 

3251  Hanover  Street 

Division  8354 

Dept.  52-35/B204/2 

ATTN:  R.  Cattolica 

Palo  Alto,  CA  94304 

S.  Johnston 

P.  Mattern 

Director 

D.  Stephenson 

Los  Alamos  National  Lab 

ATTN:  B.  Nichols,  T7,  MS-B284 

Livermore,  CA  94550 

PO  Box  1663 

1 

Science  Applications,  Inc. 

Los  Alamos,  NM  87545 

ATTN:  R.B.  Edelman 

23146  Cumorah  Crest 

National  Science  Foundation 

ATTN:  A.B.  Harvey 

Woodland  Hills,  CA  91364 

Washington,  DC  20550 

3 

SRI  International 

ATTN:  G.  Smith 

Olin  Ordnance 

D.  Crosley 

ATTN:  V.  McDonald,  Library 

D.  Golden 

P.O.  Box  222 

333  Ravenswood  Avenue 

St.  Marks,  FL  32355-0222 

Menlo  Park,  CA  94025 

Paul  Gough  Associates,  Inc. 

1 

Stevens  Institute  of  Tech. 

ATTN:  P.S.  Gough 

Davidson  Laboratory 

1048  South  Street 

ATTN:  R.  McAlevy,  m 

Portsmouth,  NH  03801-5423 

Hoboken.  NJ  07030 

Princeton  Combustion 

1 

Sverdrup  Technology,  Inc. 

Research  Laboratories,  Inc. 

LERC  Group 

ATTN:  N.A.  Messina 

ATTN:  R.J.  Locke,  MS  SVR-2 

M.  Summerfield 

2001  Aerospace  Parkway 

Princeton  Corporate  Plaza 

Bldg.  IV,  Suite  1 19 

Brook  Park,  OH  44142 

1 1  Deerpark  Drive 

1 

Sverdrup  Technology,  Inc. 

Monmouth  Junction,  NJ  08852 

ATTN:  J.  Deur 

2001  Aerospace  Parkway 

Hughes  Aircraft  Company 

ATTN:  T.E.  Ward 

Brook  Park,  OH  44142 

8433  Fallbrook  Avenue 

I 

Thiokol  Corporation 

Canoga  Park,  CA  91303 

Elkton  Division 

ATTN:  S.F.  Paiopoli 

Rockwell  International  Corp. 

P.O.  Box  241 

Rocketdyne  Division 

ATTN:  J.E.  Flanagan/HB02 

Elkton,  MD  21921 

6633  Canoga  Avenue 

3 

Thiokol  Corporation 

Canoga  Park,  CA  91304 

Wasatch  Division 

ATTN:  S.J.  Bennett 

P.O.  Box  524 

Brigham  City,  UT  84302 

I 
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1  United  Technologies  Corp. 

Chemical  Systems  Division 
ATTN:  R.R.  Miller 
P.O.  Box  49028 
San  Jose,  CA  95161-9028 

1  Universal  Propulsion  Company 

ATTN:  H.J.  McSpadden 
25401  North  Central  Avenue 
Phoenix,  AZ  85027-7837 

1  Veritay  Technology,  Inc. 

ATTN:  E.B.  Fisher 
4845  Millersport  Highway 
P.O.  Box  305 

East  Amherst,  NY  14051-0305 

1  Brigham  Young  University 

Dept,  of  Chemical  Engineering 
ATTN:  M.W.  Beckstead 
Provo,  UT  84058 

1  California  Institute  of  Tech. 

Jet  Propulsion  Laboratory 
ATTN:  L.  Strand/MS  125-224 
4800  Oak  Grove  Drive 
Pasadena,  C A  91109 

1  California  Institute  of  Technology 

ATTN:  F.E.C.  Culick/MC  301-46 
204  Karman  Lab. 

Pasadena,  C A  91125 

1  University  of  California 

Los  Alamos  Scientific  Lab. 

P.O.  Box  1663,  Mail  Stop  B216 
Los  Alamos,  NM  87545 

1  University  of  California,  Berkeley 

Chemistry  Deparment 
ATTN:  C.  Bradley  Moore 
21 1  Lewis  Hall 
Berkeley,  CA  94720 

1  University  of  California,  San  Diego 

ATTN:  F.A.  Williams 
AMES,  B0 10 
La  Jolla,  CA  92093 


2  University  of  California,  Santa  Barbara 
Quantum  Institute 
ATTN:  K.  Schofield 
M.  Steinberg 

Santa  Barbara,  C A  93106 

1  University  of  Colorado  at  Boulder 
Engineering  Center 

ATTN:  J.  Daily 
Campus  Box  427 
Boulder,  CO  80309-0427 

2  University  of  Southern  California 
Dept,  of  Chemistry 

ATTN:  S.  Benson 
C.  Wittig 

Los  Angeles,  CA  90007 

1  Cornell  University 

Department  of  Chemistry 
ATTN:  T.A.  Cool 
Baker  Laboratory 
Ithaca,  NY  14853 

1  University  of  Delaware 

ATTN.  T.  Brill 
Chemistry  Department 
Newark,  DE  19711 

1  University  of  Florida 

Dept,  of  Chemistry 
ATTN:  J.  Winefordner 
Gainesville,  FL  32611 

3  Georgia  Institute  of  Technology 
School  of  Aerospace  Engineering 
ATTN:  E.  Price 

W.C.  Strahle 
B.T.  Zinn 

Atlanta.  GA  30332 

1  University  of  Illinois 

Dept,  of  Mech.  Eng. 

ATTN:  H.  Krier 
144MEB,  1206  W.  Green  St. 

Urbana,  IL  61801 

1  The  Johns  Hopkins  University 

Chemical  Propulsion  Information  Agency 
ATTN:  T.W.  Christian 
10630  Little  Patuxent  Parkway.  Suite  202 
Columbia.  MD  21044-3200 
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1  University  of  Michigan 

Gas  Dynamics  Lab 
Aerospace  Engineering  Bldg. 
ATTN:  G.M.  Faeth 
Ann  Arbor,  MI  48109-2140 

1  University  of  Minnesota 

Dept,  of  Mechanical  Engineering 
ATTN:  E.  Fletcher 
Minneapolis,  MN  55455 

3  Pennsylvania  State  University 

Applied  Research  Laboratory 
ATTN:  K.K.  Kuo 

H.  Palmer 
M.  Micci 

University  Park,  PA  16802 

1  Pennsylvania  State  University 

Dept,  of  Mechanical  Engineering 
ATTN:  V.  Yang 
University  Park,  PA  16802 

1  Polytechnic  Institute  of  NY 
Graduate  Center 

ATTN:  S.  Lederman 
Route  1 10 

Farmingdale,  NY  11735 

2  Princeton  University 
Forrestal  Campus  Library 
ATTN:  K.  Brezinsky 

I.  Glassman 
P.O.  Box  710 
Princeton,  NJ  08540 


2  Purdue  University 

School  of  Mechanical  Engineering 
ATTN:  N.M.  Laurendeau 
S.N.B.  Murthy 
TSPC  Chaffee  Hall 
West  Lafayette,  IN  47906 

1  Rensselaer  Polytechnic  Inst. 

Dept,  of  Chemical  Engineering 
ATTN:  A.  Fontijn 
Troy,  NY  12181 

1  Stanford  University 

Dept,  of  Mechanical  Engineering 
ATTN:  R.  Hanson 
Stanford.  CA  94305 

1  University  of  Texas 

Dept,  of  Chemistry 
ATTN:  W.  Gardiner 
Austin,  TX  78712 

I  Virginia  Polytechnic  Institute  and 

State  University 
ATTN:  J.A.  Schetz 
Blacksburg,  VA  24061 

1  Freedman  Associates 

ATTN:  E.  Freedman 
241 1  Diana  Road 
Baltimore,  MD  21209-1525 


1  Purdue  University 

School  of  Aeronautics  and  Astronautics 
ATTN:  J.R.  Osborn 
Grissom  Hall 

West  Lafayette,  IN  47906 

1  Purdue  University 

Department  of  Chemistry 

ATTN:  E.  Grant 

West  Lafayette,  IN  47906 
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